MBoC | ARTICLE Identification of the endocytic sorting signal recognized by the Art1-Rsp5 ubiquitin ligase complex ABSTRACT Targeted endocytosis of plasma membrane (PM) proteins allows cells to adjust their complement of membrane proteins to changing extracellular conditions. For a wide variety of PM proteins, initiation of endocytosis is triggered by ubiquitination. In yeast, arrestin-related trafficking adaptors (ARTs) enable a single ubiquitin ligase, Rsp5, to specifically and selectively target a wide range of PM proteins for ubiquitination and endocytosis. However, the mechanisms that allow ARTs to specifically recognize their appropriate substrates are unknown. We present the molecular features in the methionine permease Mup1 that are required for Art1-Rsp5-mediated ubiquitination and endocytosis. A combination of genetics, fluorescence microscopy, and biochemistry reveals three critical features that comprise an ART sorting signal in the Mup1 N-terminal cytosolic tail: 1) an extended acidic patch, 2) in close proximity to the first Mup1 transmembrane domain, and 3) close to the ubiquitinated lysines. We show that a functionally similar ART sorting signal is also required for the endocytosis of a second Art1-dependent cargo, Can1, suggesting a common mechanism for recognition of Art1 substrates. We isolate two separate suppressor mutations in the Art1 C-terminal domain that allele-specifically restore endocytosis of two Mup1 acidic patch mutants, consistent with an interaction between the Art1 C-terminus and the Mup1 acidic patch. We propose that this interaction is required for recruitment of the Art1-Rsp5 ubiquitination complex.
INTRODUCTION
The plasma membrane (PM) is the outermost cellular membrane, physically separating intracellular and extracellular space. It contains an elaborate protein network that mediates and controls the exchange between cells and their extracellular space, thus governing virtually every aspect of cellular physiology. Hence cells have to constantly control the PM protein composition in response to extracellular signals and stress. Remodeling of the PM protein composition requires biosynthesis of new proteins, as well as removal of existing proteins from the PM. Protein transport to the cell surface is mediated by sorting of these proteins into vesicles at the Golgi or recycling endosomes (Feyder et al., 2015) . By contrast, ubiquitinmediated endocytosis provides a mechanism to selectively remove proteins destined for removal from the PM (MacGurn et al., 2012) .
Ubiquitination of PM proteins initiates their endocytosis and subsequent transfer to lysosomes for degradation (Piper et al., 2014) . It is assumed that the ubiquitin-binding domains of early endocytic factors bind and cluster ubiquitinated cargo, thereby selecting them for internalization and entry into the endosomal system (MacGurn et al., 2012; Weinberg and Drubin, 2012) . Similarly, at the endosome, the endosomal sorting complexes required for transport machinery specifically sorts ubiquitinated cargo proteins into intralumenal vesicles, a process called multivesicular body (MVB) biogenesis. Cargo proteins are subsequently degraded upon fusion of the MVB with the lysosome (Li and Kane, 2009; MacGurn et al., 2012) .
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Howard Riezman University of Geneva transporters into an activated conformational state, which acts as a signal for degradation (Cain and Kaiser, 2011; Keener and Babst, 2013; Ghaddar et al., 2014) . However, there is no comprehensive model of the molecular features that contribute to ART binding to activated PM transporters.
Among the most frequently used model cargoes for endocytosis and endosomal trafficking is the high-affinity methionine permease Mup1. Mup1 contains 12 transmembrane domains (TMDs) and is a member of the APC superfamily (Gournas et al., 2016) . It localizes to the PM in the absence of its substrate, methionine. On methionine stimulation, Mup1 is rapidly ubiquitinated, endocytosed, and degraded in an Rsp5-and Art1-dependent manner (Menant et al., 2006; Lin et al., 2008; Keener and Babst, 2013) .
In this study, we show that the recognition of Mup1 by Art1 upon methionine stimulation depends on the acidic patch, a sequence in the cytosolic N-terminus of Mup1. Mutations in the acidic patch block Mup1 ubiquitination and endocytosis but can be suppressed by mutations in the C-terminal domain of Art1, suggesting a functional (physical) relationship between both regions.
RESULTS

An unbiased mutagenesis screen reveals a role of the Mup1 N-tail in endocytic down-regulation
Endocytosis and vacuolar trafficking of PM transporters in yeast depend on cargo ubiquitination via the ubiquitin ligase Rsp5 (Piper et al., 2014) . Rsp5 is recruited to cargo proteins through the action of ART adaptor proteins . The methionine transporter Mup1 is rapidly endocytosed after methionine stimulation, which is initiated by Art1-dependent ubiquitination of Mup1 by Rsp5 . However, little is known about how Art1 recognizes Mup1 and how Mup1 is selected and targeted for endocytic degradation. We decided to isolate Mup1 mutants that are not endocytosed after methionine treatment to get a more comprehensive view of these mechanisms. To achieve this, we designed an unbiased genetic screen in which we fused green fluorescent protein (GFP) and the histidine biosynthetic enzyme His3 to Mup1 ( Figure 1A ). This chimeric construct restores histidine prototrophy (His+) in his3Δ cells ( Figure 1B ). However, upon overexpression of ART1 from the Tet-Off promoter and addition of methionine to the medium, the fusion construct is degraded in the vacuole and the cells become histidine auxotrophs (His-; Figure 1 , A and B). Overexpression of ART1 was necessary to achieve stringent selection, most likely because the His3 fusion protein shows slower endocytic kinetics (Supplemental Figure S1 ). By mutagenizing Mup1 and plating the cells on medium with methionine and without histidine, we screened for Mup1 mutants that are not degraded after methionine stimulation. These mutants should be His+. We identified three individual single-amino acid substitutions in Mup1 that restore growth on medium lacking histidine in the presence of methionine even upon overexpression of ART1-D43N, G47S, and Q49R-of which Q49R showed the strongest effect ( Figure 1C and Supplemental Figure S1 ). Endocytosis of Mup1-GFP leads to sorting of the fusion protein off the PM into the vacuole. Because GFP is resistant to vacuolar proteases, this causes accumulation of GFP signal in the vacuolar lumen. We took advantage of this and analyzed the phenotype of the Q49R mutation by microscopy. Whereas wild-type Mup1-GFP was completely endocytosed and sorted to the vacuole after a 90 min treatment with methionine, Mup1(Q49R)-GFP remained stable at the PM over the same time period, confirming strongly reduced endocytosis ( Figure 1D ). Of interest, all three mutated residues cluster in the cytosolic N-terminal tail of Mup1 ( Figure 1E ), suggesting an important role for the Mup1 N-tail in In Saccharomyces cerevisiae, PM protein ubiquitination and targeting for endocytosis is primarily mediated by Rsp5, the sole yeast member of the Nedd4 family of HECT-type E3 ubiquitin ligases. All members of the Nedd4 family contain two to four WW domains that bind specifically to proline-rich PPxY (PY) motifs (Harvey and Kumar, 1999; Boase and Kumar, 2015) . Because many Nedd4-family substrates lack PY motifs, their indirect recognition relies on PY motif-containing soluble or membrane-bound adaptor proteins. A prominent group of soluble adaptor proteins is the family of α-arrestins, which is present in all eukaryotes except plants, with 6 identified members in mammals and 14 in yeast (Alvarez, 2008; Lin et al., 2008; Piper et al., 2014) . α-Arrestins belong to the arrestin clan, which is defined by the presence of an arrestin core domain with N-and C-terminal arrestin folds. The arrestin clan also includes the visual arrestins, β-arrestins, and Vps26-like proteins (Aubry and Klein, 2013) . A common feature of the α-arrestins is the presence of a large N-or C-terminal extension domain containing PY motifs that mediate the interaction with HECT-type ubiquitin ligases (Alvarez, 2008; Lin et al., 2008; Kommaddi and Shenoy, 2013) . The physiological role of human α-arrestins (ARRDC1 through ARRDC5 and TXNIP) is still poorly characterized, although initial studies suggested a role as ubiquitin ligase adaptors in ubiquitination and endocytic degradation of G protein-coupled receptors (GPCRs) and integrin β4 (Draheim et al., 2010; Nabhan et al., 2010; Patwari et al., 2011; Shea et al., 2012) .
α-Arrestins are best characterized in S. cerevisiae, where their major role appears to be the recruitment of Rsp5 to PM nutrient transporters, causing their ubiquitination and endocytosis (Becuwe et al., 2012; MacGurn et al., 2012) . However, roles at the Golgi and the endosome, as well as for endocytosis of GPCRs, have also been proposed (Herrador et al., 2010; O'Donnell et al., 2010; Becuwe et al., 2012; Alvaro et al., 2014; Becuwe and Leon, 2014) . Yeast α-arrestins, hereafter referred to as arrestin-related trafficking adaptors (ARTs), include Bul1,2,3 (Merhi and Andre, 2012; Novoselova et al., 2012) , Spo23 (Aubry and Klein, 2013) , and Art1 through Art10 Nikko and Pelham, 2009) . Most ARTs have the ability to target multiple different cargo proteins under different conditions. For example, Art1 (also referred to as Ldb19) specifically regulates the endocytic degradation of the arginine permease Can1, the methionine permease Mup1, and the lysine permease Lyp1 . In addition, it acts in concert with other ARTs to regulate the tryptophan permease Tat2, the uracil permease Fur4 (Nikko and Pelham, 2009) , the α-factor receptor Ste2 (Alvaro et al., 2014) and the a-factor receptor Ste3 (Prosser et al., 2015) , and is required for the recognition and degradation of numerous misfolded PM proteins upon heat stress (Zhao et al., 2013) . Similarly, individual cargo proteins can be targeted by multiple ARTs under different conditions Alvaro et al., 2014) . This high level of cross-connectivity enables the ART-Rsp5 network to tightly regulate the abundance of substrate proteins at the PM but raises the conundrum of how individual cargo proteins are targeted and how specificity is generated.
The mechanism by which α-arrestins bind to cargo proteins is unknown. Although they contain the arrestin core domain that is used by β-arrestins for binding to phosphorylated GPCRs, it is unclear whether cargo recognition by α-arrestins follows similar principles (Aubry et al., 2009) . Endocytic degradation of PM transporters by the ARTs has been shown to depend on poorly understood features of either the N-or the C-terminal cytoplasmic tail of the target protein, depending on the recognizing ART and the condition that triggers degradation Crapeau et al., 2014) . Several studies propose that substrate binding converts PM endocytic degradation. Consistently, deleting a large portion of the N-tail (Mup1-ΔN) strongly blocked methionine-induced vacuolar sorting of Mup1 ( Figure 1F ). This observation is in agreement with a previous study from our group in which we demonstrated that Art1 recognizes an unknown element in the N-terminal cytosolic tail of Can1 .
Two distinct regions of the Mup1 N-terminal tail are critical for endocytic down-regulation
We decided to map more carefully the regions in the 60-amino acid N-terminal cytosolic tail of Mup1 that are important for endocytic down-regulation. We therefore generated a collection of GFP-tagged Mup1 mutants, each having 5 consecutive amino acids of the N-terminal tail replaced with alanines. We were unable to express a mutant in which amino acids 2-5 were mutated (unpublished data). Hence the covered region starts at the sixth amino acid and ends at the first transmembrane domain (TMD1). We analyzed each mutant for methionineinduced endocytosis by fluorescence microscopy and measured the effectiveness of sorting by determining the ratio of vacuolar to total cell GFP fluorescence. Strikingly, mutating two regions (26-30 and 41-55) strongly blocked methionine-induced degradation of Mup1, whereas mutating other residues had little to no effect ( Figure 2 , A and B, and Supplemental Figure S2 ).
Because GFP is stable in the yeast vacuole, degradation of Mup1-GFP can be assayed by Western blotting for the loss of full length Mup1-GFP and the concomitant accumulation of free GFP. The results of this degradation assay recapitulate the results of the fluorescent microscopy endocytosis assay, and mutating either region 26-30 or 41-55 stabilized Mup1-GFP in the presence of methionine ( Figure 2C ). These findings are in agreement with our results from the mutagenesis screen, as D43, G47, and Q49 all reside within the region 41-55. Yet the identification of a second region (26-30) was unexpected. We conclude that endocytosis of Mup1 requires two distinct regions of the cytosolic N-tail. Thus we set out to elucidate the molecular relevance of both regions for Mup1 endocytosis.
Rsp5 ubiquitinates Mup1 at lysines 27 and 28
We first investigated the region between residues 26 and 30, which contains two of the four lysine residues of the Mup1 N-tail ( Figure 3A ). Thus we asked whether Rsp5 ubiquitinates Mup1 at lysines 27 and 28. In On methionine stimulation and Art1 overexpression, the construct is turned over via endocytosis, sorting, and trafficking through the MVB pathway, causing the cells to return to histidine auxotrophy. Mutations that block endocytosis prevent degradation of the chimeric construct and allow growth in the absence of histidine even upon methionine stimulation. (B) Yeast cells expressing Art1 from the Tet-Off promoter were transformed with the indicated constructs, and serial 10-fold dilutions were spotted on synthetic medium plates containing or lacking histidine and methionine, as indicated. Medium lacking histidine was supplemented with 1 mM 3-AT, an inhibitor of His3, to enhance stringency. Doxycycline was added to the medium to a final concentration of 2.5 μg/ml to shut down expression of Art1. A strain with HIS3-marked Vph1-mCherry integrated into its genome served as the HIS3+ control. (C) Wild-type cells expressing Art1 from the Tet-Off promoter and the indicated mutated variants of Mup1-GFP-His3 were grown as described in B. Plates lacking histidine contain 5 mM 3-AT. (D) Fluorescence microscopy analysis of integrated Mup1-GFP and Mup1(Q49R)-GFP in wild-type yeast cells. The cells were grown to mid log phase in synthetic medium at 30°C and imaged before (ctrl) or after (+Met) 90 min 20 μg/ml methionine treatment, as indicated. Dashed lines represent cell outlines. Scale bar, 2.5 μm; vacuolar marker: Vph1-mCherry. (E) Cartoon of the PM 12-TMD methionine permease Mup1 depicting the location of Q49R, G47S, and D43N mutations. (F) Yeast cells expressing GFP-tagged Mup1 or a Mup1 deletion mutant lacking residues 17-56 of the 60 amino acid-long N-tail were grown to mid log phase in synthetic medium at 30°C and subjected to fluorescence microscopy after treatment with 20 μg/ml methionine for 90 min. Dashed lines indicate cell outlines. Scale bar, 2.5 μm; vacuolar marker: Vph1-mCherry.
as Mup1 contains 19 lysine residues exposed to the cytosol.
Mup1 endocytosis depends on the acidic patch
We set out to decipher the mechanism by which the more C-terminal region of the Mup1 N-tail, between residues 41 and 55, regulates Mup1 degradation. We noticed that the region contains many negatively charged residues but is completely devoid of positive charges and hereafter refer to it as the "acidic patch." The charge distribution was particularly striking, as the strongest nondegradable Mup1 mutant that we isolated in our mutagenesis screen introduces a positive charge into the acidic patch by changing glutamine 49 to arginine. We reasoned that the acidic patch could be a charged interaction interface and that introducing positive charges could block this interaction. To test this idea, we individually mutated every amino acid within the acidic patch to arginine and tested all mutants for endocytic degradation by fluorescence microscopy. As before, the effectiveness of sorting was determined by the ratio of vacuolar to total cell GFP fluorescence ( Figure 4 , A and B, and Supplemental Figure S3 ). Of interest, we found that six of the 15 residues of the acidic patch had a strong effect on Mup1 degradation when they were converted to arginines. Of the remaining nine residues, five gave an intermediary phenotype, whereas mutating four had weak effects on Mup1 endocytosis. However, none of the mutants showed wild-type levels of Mup1 sorting. We decided to analyze more carefully three strong mutants that span the acidic patch: D43R, Q49R, and L54R. First, we verified the phenotype by immunoblot; all three mutants blocked degradation of Mup1-GFP ( Figure 4C ).
To test whether the acidic patch mutants block Mup1 endocytosis by affecting ubiquitination, we immunoprecipitated the GFPtagged mutants from methionine-stimulated doa4Δ cells expressing Myc-ubiquitin (see earlier discussion). Probing the immunoprecipitates with Myc-antibody revealed that the acidic patch mutants are not ubiquitinated in the presence of methionine ( Figure 4D) .
To test the model that the acidic patch recruits Art1-Rsp5 and directs the specific ubiquitination of the nearby lysines K27 and 28, we designed an experiment to rule out any trans effects of the acidic patch mutants on other Mup1 molecules or on the ART-Rsp5 network more broadly. We coexpressed red fluorescent protein (RFP)-tagged, endocytosis-competent wild-type Mup1 and GFP-tagged Mup1 mutants in the same cells. Under control conditions, both constructs localize to the PM ( Figure 4E ). We noticed that the RFP signal in the bud was slightly weaker than the GFP signal, likely caused by slower maturation of the RFP fluorophore (Shaner et al., 2008; Duwé et al., 2015) . Wild-type Mup1 was completely endocytosed within 90 min after methionine stimulation, regardless of the fluorophore. However, the GFP-tagged acidic patch mutants remained stable on the PM even in the presence of methionine, whereas the RFP-tagged wild-type Mup1 was efficiently sorted to agreement with our hypothesis, mutating both residues to arginine blocked methionine-induced Mup1 degradation assayed by Western blot and fluorescence microscopy ( Figure 3 , B and C). Western blot analysis revealed a very small amount of remaining degradation in the K27,28R mutant, which could be completely eliminated by additionally mutating lysine 16 to arginine ( Figure 3C ). However, mutating lysine 16 alone had no observable effect on Mup1 degradation. We conclude that lysines 27 and 28 are critical for endocytosis of Mup1, most likely because they are ubiquitinated by Rsp5.
We also found that Mup1-GFP shifts to higher molecular weight within 5 min after methionine stimulation ( Figure 3D ). To test whether this shift is caused by ubiquitination, we coexpressed GFPtagged Mup1 and Myc-tagged ubiquitin in a strain lacking the DOA4 gene. DOA4 encodes for the major deubiquitinating enzyme of the endomembrane system, and the doa4Δ background stabilizes ubiquitinated Mup1 (Amerik et al., 2000; Katzmann et al., 2001; Li et al., 2015) . Subsequently, we immunoprecipitated Mup1 after a brief methionine treatment and probed the immunoprecipitates with Myc antibodies. This revealed that the higher-molecular weight species of Mup1 are Myc positive, demonstrating that the shift in migration is indeed caused by ubiquitination ( Figure 3E ). Of importance, mutating lysines 27 and 28 to arginine blocked methionineinduced ubiquitination of Mup1. We therefore conclude that Rsp5 ubiquitinates Mup1 at lysines 27 and 28. This specificity is striking, FIGURE 2: Two regions in the Mup1 N-terminal cytosolic tail are critical for endocytic downregulation. (A) Top, sequence of the cytosolic N-tail (residues 1-60) of the yeast methionine transporter Mup1. The two regions critical for endocytosis are underlined. Bottom, a collection of GFP-tagged Mup1 mutants was stably integrated into yeast cells expressing Vph1-mCherry as vacuolar marker. In each mutant, five consecutive residues of the N-tail were mutated to alanines. Cells were grown to mid log phase in synthetic medium at 30°C, stimulated with 20 μg/ml methionine for 90 min, and analyzed by fluorescence microscopy. Average Mup1 sorting was calculated as the ratio of vacuolar GFP to total cell GFP and normalized to wild type before (0% sorting) and after methionine stimulation (100% sorting). The numbers below each bar of the graph correspond to the position of the substituted residues within Mup1. Error bars indicate SD between fields. (B) Representative images from cells quantified in A. Cells expressing GFP-tagged Mup1 or the indicated Mup1 alanine substitutions were grown to mid log phase in synthetic medium at 30°C and subjected to fluorescence microscopy after treatment with methionine for 90 min. A complete set of images is shown in Supplemental Figure S2 . Dashed lines indicate cell outlines. Scale bar, 2.5 μm; vacuolar marker: Vph1-mCherry. (C) Yeast cells expressing GFP-tagged Mup1 or the indicated Mup1 alanine substitutions were grown to mid log phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine. Equal volumes of culture were harvested at the indicated time points after stimulation, and total cell lysates were prepared and analyzed by SDS-PAGE and immunoblot. G6PDH serves as a control for equal loading.
The Mup1 N-terminal tail is necessary but not sufficient for Mup1 degradation
It is generally believed that PM transporters act as nutrient sensors and that substrateinduced conformational changes in each transporter molecule trigger its ubiquitination and degradation (Blondel et al., 2004; Jensen et al., 2009; Cain and Kaiser, 2011) . For example, it was shown that substrate binding of the uracil permease Fur4 causes exposure of a degron that is not accessible in the ground state and thereby induces ubiquitination by Rsp5 and endocytic degradation (Keener and Babst, 2013) . Our mutational analysis suggested that the Mup1 acidic patch might become exposed in the presence of methionine and act as a degron as well. To test for this, we generated a variant of Mup1 with two identical tandem tails at the N-terminus. We reasoned that this would cause constant exposure of any degron sequences in the N-tail and thus cause constitutive degradation of the fusion protein ( Figure 5A ). However, the fusion protein behaved like the wild-type Mup1, in that it was stable at the PM under control conditions and rapidly endocytosed upon methionine stimulation ( Figure 5 , B and C). We asked whether the fusion protein is stable because the additional degron is too far away from a second binding site or the membrane. We addressed this by mutating the acidic patch in either the membraneproximal (native) or the membrane-distal (extra) tail and scoring these mutants for endocytosis upon methionine stimulation. In agreement with our hypothesis, the endocytosis of Mup1 depends on only the first acidic patch close to TMD1 ( Figure 5 , B and C), indicating that the additional tail is completely inactive for endocytic regulation. This demonstrates that the N-terminus of Mup1 is required but not sufficient for degradation, strongly arguing for a second degradation signal that is not part of the N-tail and functions in parallel to the acidic patch. In agreement with this, fusing the Mup1 Nterminus to GFP does not cause ubiquitination or degradation of the chimeric protein (Supplemental Figure S4) . Furthermore, addition of a wild-type distal tail to a Mup1(K27,28R) mutant was unable to promote endocytosis, arguing that ubiquitination must occur close to the membrane-proximal acidic patch (Supplemental Figure S4) . We conclude that the spacing between the acidic patch, lysines 27 and 28, and a currently unidentified feature (possibly the core of Mup1 or the PM) is critical for efficient ubiquitin-dependent endocytosis.
The Art1-regulated arginine permease Can1 also contains an acidic patch
The foregoing experiments demonstrate that endocytosis of Mup1 depends on an acidic patch between accessible lysines and TMD1. the vacuole in the same cells ( Figure 4E ). This shows that cells expressing the acidic patch mutants are still able to efficiently endocytose wild-type Mup1. We therefore conclude that the acidic patch mutants must act in-cis and disrupt Art1-Rsp5-mediated ubiquitination of Mup1. These results also conclusively show that endocytosis of each Mup1 molecule is controlled individually: Art1-Rsp5 recruited to wild-type Mup1 cannot ubiquitinate nearby permeases, nor can nonubiquitinated permeases piggyback on the endocytic machinery assembled to internalize other ubiquitinated cargo.
Taken together, our data show that the Mup1 acidic patch is required for efficient ubiquitination and endocytic degradation in the presence of methionine. Cells were grown to mid log phase in synthetic medium at 30°C (control) and stimulated with 20 μg/ml methionine for 90 min (+Met). Dashed lines represent cell outlines. Scale bar, 2.5 μm. (C) Yeast cells expressing GFP-tagged Mup1 or Mup1 lysine mutants were grown to mid log phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine. Equal volumes of culture were harvested at the indicated time points after stimulation, and total cell lysates were prepared and analyzed by SDS-PAGE and immunoblot. G6PDH serves as a loading control. (D) Yeast cells expressing GFP-tagged Mup1 were grown to mid log phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine. At the indicated time points, all cellular processes were stopped by addition of TCA to 10% to the medium. Total cell lysates were prepared and analyzed by SDS-PAGE and immunoblot. G6PDH serves as a loading control. (E) Cells lacking Doa4 and coexpressing Myc-ubiquitin and Mup1-GFP or Mup1(K27,28R)-GFP were grown to mid log phase in synthetic medium at 30°C and mock treated (ctrl) or stimulated with 20 μg/ml methionine for 10 min (+Met). Native cell extracts were prepared and either analyzed by SDS-PAGE and immunoblot or used for GFP immunoprecipitation followed by SDS-PAGE and immunoblot.
Mup1 and Can1. Strikingly, we found that Can1 contains a mostly acidic region close to lysines and to the first TMD that resembled the acidic patch that we identified in Mup1 ( Figure 6A ). We therefore mutated this region by either mutating individual residues to arginine or multiple acidic residues to alanine and tested for Can1 endocytosis by assaying canavanine sensitivity. Canavanine is a toxic analogue of arginine that enters the cell via Can1. Thus the amount of active Can1 present at the PM directly correlates to the sensitivity to canavanine ( Figure 6B ; Lin et al., 2008; Shi et al., 2011) . Intriguingly, mutating the acidic patch in Can1 renders the cells hypersensitive to canavanine (Figure 6C ), most likely because endocytic degradation of the mutants is reduced. These results indicate that the presence of an acidic patch close to TMD1 is also important for endocytosis of Can1 and thus might be an extremely important shared feature of all Art1 targets.
Mup1 acidic patch mutants can be suppressed by mutations in Art1
The presence of the acidic patch in both Mup1 and Can1 suggested that this feature might mediate interaction with Art1. Art1 is a soluble 818-amino acid protein, with an arrestin fold from residues 135 to 397, an Nterminal phosphoregulatory domain, and a long C-terminal extension containing PY motifs at positions 678 and 689 MacGurn et al., 2011) . Therefore we addressed whether the acidic patch mutations interfere with the ability of Art1 to bind to Mup1. In an intracellular binding reaction, a reduction of binding affinity can often be compensated for by raising the amount of the binding partner. Thus we reasoned that if the acidic patch mutations reduce the affinity of Art1 for Mup1, overexpression of Art1 should be able to partially bypass this. Mup1 endocytosis requires both binding of Art1 and recruitment of Rsp5. We assumed that Art1 binding is the rate-limiting step, since Art1 is expressed at very low levels in cells (approximately 22 times lower than Rsp5; Kulak et al., 2014) . Indeed, Art1 overexpression is sufficient to drive substantial endocytosis of wild-type Mup1-GFP even in the absence of methionine ( Figure 7A ). Furthermore, we found that overexpression of Art1 partially restored methionine-stimulated endocytosis of Mup1 D43R and F50R, which both show a strong block in cells expressing wild-type Art1 levels (Figures 4, A and B, and 7A ). This suggests that mutations in the acidic patch interfere with the recruitment of Art1 to Mup1.
If the Mup1 acidic patch is indeed an Art1-interaction site, we reasoned that we should be able to identify mutations in Art1 that Furthermore, our lab previously showed that Art1 recognizes an unknown feature in the N-terminus of the arginine permease Can1 ). Thus we compared the sequences of the N-tails of FIGURE 4: Mup1 degradation requires the acidic patch. (A) Top, yeast cells expressing Vph1-mCherry as vacuolar marker were transformed with a collection of GFP-tagged Mup1 mutants. In each mutant, one amino acid of the acidic patch was mutated to arginine. Cells were grown to mid log phase in synthetic medium at 30°C, stimulated with 20 μg/ml methionine for 90 min, and analyzed by fluorescence microscopy. Average Mup1 sorting was calculated as the ratio of vacuolar GFP to total cell GFP and normalized to wild type before (0% sorting) and after methionine stimulation (100% sorting). Error bars indicate SD between fields. Bottom, representation of the strength of the effect of each arginine substitution on Mup1 endocytosis as a "phenotype logo." Color and size of the substituted residue indicate the group to which it belongs (weak effects are represented in light gray and small letters, and strong effects are indicated by large letters and black). (B) Fluorescence distribution of GFP-tagged Mup1 or Mup1 acidic patch mutants grown as described in A. Images of all mutants are shown in Supplemental Figure S3 . Vacuolar marker: Vph1-mCherry. Scale bar, 2.5 μm. (C) Yeast cells expressing GFPtagged Mup1 or Mup1 acidic patch mutants were grown to mid log phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine. Equal volumes of culture were harvested at the indicated time points after stimulation, and total cell lysates were prepared and analyzed by SDS-PAGE and immunoblot. G6PDH serves as a loading control. (D) Cells lacking Doa4 and coexpressing Myc-ubiquitin and Mup1-GFP or the indicated GFP-tagged acidic patch mutants were grown to mid log phase in synthetic medium at 30°C and mock treated or stimulated with 20 μg/ml methionine for 10 min. Native cell extracts were prepared and either analyzed by SDS-PAGE and immunoblot or used for GFP immunoprecipitation followed by SDS-PAGE and immunoblot. (E) Yeast cells coexpressing RFP-tagged Mup1 (red) and the indicated GFP-tagged control or acidic patch mutants (green) were grown to mid log phase in synthetic medium at 30°C and subjected to fluorescence microscopy before (control) or after treatment with methionine for 90 min (+Met). Dashed lines indicate cell outlines. Scale bar, 2.5 μm.
library of plasmids containing randomly mutagenized Art1* and screened the transformed cells for ethionine resistance. We recovered a mutant, Art1*Sup, that caused Mup1(Q49R) cells to become ethionine resistant but which in contrast had a reduced ability to promote ethionine resistance in wild-type cells ( Figure 7D ). Art1*Sup contained three mutations; we isolated each and found that Art1(R653C) alone was responsible for restoring Mup1 endocytosis.
We next used microscopy to verify that the Art1(R653C) mutation restores endocytosis of Mup1(Q49R)-GFP and that this phenotype is independent of the Art1* background. We indeed found that Art1(R653C) is able to promote endocytosis of Mup1 (Q49R)-GFP when it is expressed from its endogenous promoter as the sole copy of Art1 ( Figure 7E) . However, the extent of endocytosis after methionine treatment is less than for wild-type Mup1-GFP expressing wild-type Art1. Art1(R653C) is also notably less effective than wild-type Art1 at promoting endocytosis of wild-type Mup1-GFP, indicating that R653C specifically suppresses the Mup1(Q49R)-GFP endocytic defect and is not a nonspecific hyperactivating mutation ( Figure 7E ). Consistently, cells expressing Art1(R653C) as their sole copy of Art1 are canavanine sensitive, suggesting that this mutation also reduces endocytosis of Can1 ( Figure 7F ). Art1 expression level, ubiquitination, and phosphorylation were unaffected by the R653C mutation; Art1 (R653C) becomes hyperphosphorylated as normal during rapamycin treatment and hypophosphorylated after treatment with cycloheximide (Supplemental Figure S5 ; MacGurn et al., 2011) .
We also noticed that the region of Art1 around R653 is conspicuously devoid of negative charges and contains additional positively charged arginines, suggesting that this C-terminal basic region of Art1 may be important for an electrostatic interaction with the Mup1 acidic patch. If Art(R653C) acts by removing a positive charge to compensate for the introduction of a positive charge in the acidic patch in the Q49R mutant, we reasoned we could suppress additional acidic patch mutants with other charge inversions in Art1. We generated the Art1(R660D) mutant and tested whether it restores endocytosis of any of the strong Mup1 acidic patch mutants (D43R, G47R, Q49R, F50R, T52R, or L54R). Remarkably, upon methionine stimulation, overexpression of Art1(R660D) specifically restored endocytosis for Mup1(D43R)-GFP, as Art1(R653C) did for Mup1(Q49R)-GFP ( Figure 8A ). Quantification of vacuolar GFP compared with total cellular GFP revealed that the Art1(R660D)/ Mup1(D43R) combination is noticeably less efficient than the suppression observed for Art1(R653C)/Mup1(Q49R). However, in both cases, restoration of Mup1 sorting was allele specific (Figure 8, A  and B) . Taken together, the opposing charges of the Art1 C-terminal basic region and the Mup1 acidic patch suggest a direct interaction specifically suppress the effect of the Mup1 acidic patch mutations. To identify such a suppressor mutant, we took advantage of the toxic methionine analogue ethionine, which enters the cell through the methionine transporter Mup1 (Isnard et al., 1996; Santiago and Gardner, 2015) . As with canavanine and Can1, the sensitivity to ethionine should directly correlate with the activity and PM localization of Mup1. Cells that do not express Mup1 are therefore resistant to ethionine, and cells expressing wild-type Mup1 are sensitive. Mutations that block Art1 phosphorylation at some or all of 10 N-terminal serines and/or threonines have been shown to cause Art1 hyperactivation (MacGurn et al., 2011) . We expressed such a hyperactive Art1 allele, Art1*, from a Tet-Off promoter, which confers ethionine resistance because it causes constant vacuolar sorting of Mup1-GFP. Mup1(Q49R), however, remains stable at the PM despite overexpression of Art1*, causing cells to become ethionine sensitive (Figure 7, B and C) . We transformed the Mup1(Q49R) mutant with a FIGURE 5: The acidic patch is position specific. (A) Experimental rationale. In the degron model (Keener and Babst, 2013) , permeases mask a degradation signal (degron) in the absence of their substrates. On transport or substrate binding, the permease enters an activated state and exposes the degron, causing its own ubiquitination and degradation. Under this model, tandemizing the N-terminal 60-amino acid tail of Mup1 should cause constant exposure of the additional degron in the extra tail, since the degron-binding site of the ground-state permease is occupied by the normal tail. (B) Yeast cells expressing GFP-tagged Mup1 tandem tail constructs were grown to mid log phase in synthetic medium at 30°C and stimulated with 20 μg/ ml methionine. Equal volumes of culture were harvested at the indicated time points after stimulation, and total cell lysates were prepared and analyzed by SDS-PAGE and immunoblot. G6PDH serves as a loading control. (C) Yeast cells expressing GFP-tagged Mup1 tandem tail constructs were grown to mid log phase in synthetic medium at 30°C and subjected to fluorescence microscopy before (control) or after (+Met) treatment with methionine for 90 min. Dashed lines indicate cell outlines. Scale bar, 2.5 μm; vacuolar marker: Vph1-mCherry. the degradation machinery, but the irregular spacing of the critical acidic patch residues is not obviously consistent with an α-helical or a β-sheet fold.
Second, our tandem tails experiments show that the N-tail alone is insufficient for productive ubiquitination. Furthermore, adding a second wild-type N-tail to a Mup1 acidic patch mutant does not restore endocytosis. This strongly argues that Mup1 degradation heavily depends on proximity of the acidic patch to TMD1. This result is consistent with a model in which productive endocytosis requires multiple contacts between the Art1-Rsp5 complex and Mup1-one at the acidic patch, and a second, potentially between the Art1 arrestin fold and the Mup1 core (e.g., cytoplasmic loops or the TMDs).
Third, we observe extremely high specificity in the Mup1 ubiquitination site (Figure 3) . We found that a distal, wild-type tandem tail could not restore endocytosis of the Mup1(K27,28R) mutant, indicating that those lysines can only be productively ubiquitinated when sufficiently close to the membrane-proximal acidic patch. Bolstering this line of reasoning, Mup1 has 19 lysine residues exposed to the cytoplasm, of which 4 are in the N-tail, 9 in cytoplasmic loops, and 6 in the C-tail. The strict requirement of lysines 27 and 28 in Art1-Rsp5-mediated, methionine-induced Mup1 endocytosis is in contrast to the widespread promiscuity of ubiquitin ligases, which show little lysine selectivity for most targets (Mattiroli and Sixma, 2014) , and resembles instead the high lysine selectivity of other endocytic cargoes such as Fur4 and Gap1 (Keener and Babst, 2013; Crapeau et al., 2014) .
Despite the importance of the acidic patch for Mup1 sorting, it has no direct sequence conservation in other Art1 targets. Instead, we suspect that Art1-Rsp5 specificity arises from the combined effects of the tripartite ART sorting signal. Consistently, we showed that an acidic patch in Can1, matching our other criteria of proximity to TMD1 and with appropriately spaced lysines, is important for Can1 endocytosis (Figure 6 ).
In strong support of our model, in which the acidic patch interacts with the Art1-Rsp5 complex, we show that individual charge inversion mutations in the Mup1 acidic patch can be suppressed by opposite-charge inversion mutations in Art1, suggesting an electrostatic interaction between the two regions. Although α-arrestins lack the polar core in the arrestin domain that is used for cargo interactions in β-arrestins (Aubry et al., 2009; Polekhina et al., 2013) , it has been proposed that α-arrestins use the arrestin domain for substrate binding as well (Qi et al., 2014) . Unexpectedly, both Art1 suppressor mutations, R653C and R660D, cluster downstream of the arrestin domain (residues 135-397) in the C-terminal domain, close to the PY motifs (678-682 and 689-692) that recruit Rsp5 . This C-terminal extension domain can be found only in α-arrestins. It can be several hundred amino acids long, is located either N-or C-terminal of the core domain, and usually harbors the PY motifs Aubry and Klein, 2013) . Judged by the large size, it is unlikely that the only function of the extension domain is the recruitment of the ubiquitin ligase. On the basis of our data, we conclude that a major novel function of the C-terminal domain of Art1 is to interact with the acidic patch of Mup1.
( Figure 8C ). This is supported by the ability of mutations that remove positive charges from Art1 to allele-specifically suppress mutations that introduce positive charge into Mup1.
DISCUSSION
It has been known for many years that changes in nutrient availability trigger the degradation of PM transporters in yeast (Rotin et al., 2000) . Most transporters are ubiquitinated by a single E3 ligase, Rsp5, leading to the question of how specificity is encoded in this degradation system. The first clue came with the identification of 14 ART adaptor proteins that recruit Rsp5 to its substrates in an adaptor-cargo-specific manner Nikko and Pelham, 2009 ). However, ARTs were found to target multiple substrate proteins, and thus the identification of the ART-Rsp5 ubiquitin ligase network still did not explain the high specificity in the degradation pathway. The answer most likely lies in the molecular mechanism of the ART-substrate interaction and how recruitment of the ART-Rsp5 complex to cargo proteins is regulated. Here we present the first detailed analysis of an interaction between a permease and its cognate ART-Rsp5 ubiquitin ligase complex. We find that Art1-dependent endocytosis of Mup1 requires a multipart degradation signal, with 1) an extended acidic patch, 2) in close proximity to the membrane, and 3) with a precise distance to its target lysines, together referred to as the ART sorting signal.
First, in this study, we show that endocytic degradation of Mup1 requires an extended region in the N-tail between residues 41 and 55, which we term the acidic patch. As the name indicates, it is devoid of positive charges (R + K + H) and enriched for negatively charged residues (D + E). Either replacing charged residues with alanines or introducing positively charged arginines strongly blocks Mup1 endocytosis. Of interest, our arginine substitution approach revealed that not every residue of the acidic patch is equally important for efficient endocytosis. Instead, substituting several residues with arginine had only mild effects ( Figure 4A ). This is indicative of a structured region in which certain residues participate in binding to Mutations that block Can1 endocytosis stabilize the permease at the PM, causing hypersensitivity to canavanine, a toxic analogue of arginine that enters the cells via Can1. (C) Cells lacking a chromosomal copy of Can1 were transformed with plasmids expressing either wild-type Can1 or the following point mutants and scored for growth in the presence of canavanine: E78R, Can1(E78R); 5xAla, Can1(D73A,E74A,D75A,E76A,E78A); and ARRA, Can1(D73A,E74R,D75R,E76A). The mutated region is highlighted with a bar in A. Canavanine sensitivity phenotype is scored on the right; res, resistant; sens, sensitive; wt, wild type.
However, our data suggest that this cannot be the only interaction between Mup1 and Art1-Rsp5. Of interest, studies on the interaction between GPCRs and β-arrestins revealed a bipartite binding mechanism: after GPCR phosphorylation by receptor kinases, the generated phosphocluster on the GPCR C-terminal tail directly interacts with positive charges of the arrestin core domain. Subsequently, a finger loop of the arrestin N-domain binds the TMDs of the GPCR core (Shukla et al., 2013 (Shukla et al., , 2014 Kang et al., 2015) . Similarly, the arrestin domain of Art1 could bind to the core of Mup1, whereas the Art1 C-terminal domain interacts with the Mup1 acidic patch. This can explain why the acidic patch needs to be close to the core of Mup1 in order to be functional.
On the basis of our genetic suppression analysis, the tandem tail experiment, and the binding mechanism known for β-arrestins, we propose that Art1 interacts with Mup1 at the acidic patch and an as-yetunidentified second site and that the spacing between both interaction sites is important for Art1 function. Furthermore, the proximity of the Mup1 acidic patch to the ubiquitinated lysines and the proximity of the Art1 C-terminal basic region to the Rsp5-recruiting PY motifs made us wonder whether Art1 could use this interaction to orient the HECT domain of Rsp5 toward the target lysines in Mup1. This resembles the mechanism that RING-type ligases use to ubiquitinate their substrates (Budhidarmo et al., 2012) . This would assign to Art1 a previously unknown direct involvement in cargo ubiquitination, but additional work is required to confirm this model. Taken together, we present a model in which Art1 engages Mup1 with at least two interaction sites and the C-terminal extension domain of Art1 directly interacts with the acidic patch of Mup1, thereby orienting Rsp5 favorably toward Mup1's lysines 27/28 (Figure 9 ).
MATERIALS AND METHODS
Yeast strains and growth conditions
All yeast strains used in this study are listed in Supplemental Table S1 . Standard procedures were used for manipulation of yeast. Yeast deletion mutants were generated by homologous recombination. Doubledeletion mutants were constructed by mating and tetrad dissection. Yeast strains were isogenic to SEY6210 or SEY6210.1. All plasmids derived from pRS305 were integrated into the leu2 locus after plasmid digestion with AflII. The functionality of stable Mup1 mutants was ensured by rescue of the synthetic growth defect of mup1Δ met6Δ double mutants (Supplemental Figure S6 ). (79,82-85,96,99, 100A); MacGurn et al., 2011) from the Tet-Off promoter were spotted on agar plates and scored for growth in the presence of ethionine. Doxycycline was added to a final concentration of 2.5 μg/ ml to shut off overexpression of Art1. (D) Serial 10-fold dilutions of cells expressing Art1* or Art1*Sup from the Tet-Off promoter were spotted on agar plates and scored for growth in the absence or presence of 10 or 20 μM ethionine. Art1*Sup, Art1 (79,82-85,96,99,100A,S253P,E445G, R653C) . (E) Yeast cells lacking the chromosomal copy of ART1 and expressing Art1 or Art1(R563C) from a single-copy plasmid under its own promoter were transformed with the indicated variants of Mup1-GFP. The cells were grown to mid log growth phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine for 90 min. Scale bar, 2.5 μm. (F) Yeast cells lacking the chromosomal copy of ART1 and expressing Art1 or Art1(R563C) from a single-copy plasmid under its own promoter were scored for growth in the presence of canavanine.
Supplemental Table S2 . PCRs were performed using Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. KOD DNA-polymerase (EMD Millipore, Billerica, MA) was used for site-directed introduction of mutations according to the manufacturer's instructions. Supplemental Table S3 lists oligonucleotides used for cloning and strain construction.
Random mutagenesis screen
Random mutagenesis was performed by error-prone PCR using Taq polymerase and buffer-EP (10 mM Tris, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 1 mM dCTP, dTTP, 0.2 mM dATP, dGTP, 0.1 mM MnCl 2 , 3% dimethyl sulfoxide, 1 μM F&R primers, 200 ng/ml template) with hot start at 94°C for 2 min, 25 cycles (94°C for 30 s, 54°C for 30 s, 68°C for 2 min/kb), and 68°C for 10 min, followed by lithium acetate yeast transformation at a 10:1 insert:vector molar ratio with 250 ng of linearized vector per 1.5 OD of cells. Recombination was achieved by gap repair with 200-base pair overhanging 5′ and 3′ homology. MUP1-GFP-HIS3 was amplified with EG7F and EG19R from pEG114 and transformed with EagI-cut pEG115. ART1(8A) was amplified with EG141F and EG142R from pTK177 and transformed with PstI-cut pCM189. Transformations were allowed to recover 4 h in YPDA (1% yeast extract, 2% peptone, 2% dextrose, 20 μg/ml adenine) before plating. MUP1 mutagenesis was performed in TKY072 expressing pTK138 and plated on -URA -LEU -HIS medium containing 10 mM 3-amino-1,2,4-triazole (3-AT; Sigma-Aldrich, St. Louis, MO) and 164 μg/ml methionine. ART1 mutagenesis was performed in YEG131 and plated on -URA -MET medium containing 10 μM d/lethionine (TCI, Tokyo, Japan). Colonies were retested for HIS+ growth by spot assay followed by visual screening for PM GFP signal or for resistance to ethionine by spot assay ± 2.5 μg/ml doxycycline (MPBio, Santa Ana, CA). Plasmids encoding candidate mup1 and art1 mutants were isolated for further analysis by miniprep after glass bead lysis.
Microscopy, data analysis, and image processing Microscopy was performed using 1) a DeltaVision RT system (Applied Precision, Issaquah, WA) equipped with a 100× objective, a DeltaVision RT Standard Filter Set (fluorescein isothiocyanate [FITC] for GFP and RD-TR-Cy3 for mCherry/RFP), and a Photometrics CoolSNAP HQ camera (Photometrics, Tucson, AZ), or 2) a DeltaVision RT system equipped with a DV Elite complementary metaloxide semiconductor camera, a 100× objective, and a DV Light SSI 7 Color illumination system with Live Cell Speed Option (FITC for FIGURE 8: Multiple point mutations in Art1 allele specifically restore endocytosis of Mup1 acidic patch mutants. (A) Yeast cells expressing the indicated GFP-tagged Mup1 acidic patch mutants and carrying a single-copy plasmid overexpressing Art1, Art1(R653C), or Art1(R660D) from the Tet-Off promoter were grown to mid log growth phase in synthetic medium at 30°C and stimulated with 20 μg/ml methionine for 60 min. Dashed lines indicate cell outlines. Scale bar, 2.5 μm; vacuolar marker: Vph1-mCherry. (B) Cells were grown as described in A and analyzed by fluorescence microscopy. Average Mup1 sorting was calculated as the ratio of vacuolar GFP to total cell GFP and normalized to wild type before (0% sorting) and after methionine stimulation (100% sorting). Error bars indicate SD between fields. (C) Schematic representation of the Mup1 acidic patch region and the region in Art1 that harbors the suppressor mutations. Blue lines indicate which mutated residues in Art1 restore endocytosis of the respective acidic patch arginine substitution mutants in an allele-specific manner.
FIGURE 9: Model for Art1-mediated Mup1 recognition. In the absence of methionine, Mup1 is present in a ground state, and the acidic patch is inaccessible for Art1. In the presence of methionine, however, Mup1 adopts an activated state in which the ART sorting signal becomes exposed, causing Art1-mediated recruitment of Rsp5, Mup1 ubiquitination, and trafficking to the vacuole.
For the Mup1 degradation assay, yeast cells were grown in synthetic complete medium lacking methionine to mid log phase and did not reach saturation for at least 16 h. Degradation of Mup1 was triggered by addition of methionine to a final concentration of 20 μg/ml. All strains were grown at 30°C.
Plasmids and cloning
Standard procedures were used for cloning and amplification of plasmids. Restriction enzymes were purchased from NEB (New England Biolabs, Ipswich, MA). All plasmids used in this study are listed in Biosciences), 680LT goat anti-rabbit (926-68021; LI-COR Biosciences), and 680LT goat anti-mouse (926-68021; LI-COR Biosciences). Membranes were scanned using an Odyssey CLx imaging system and analyzed using the Image Studio Lite 4.0.21 software (LI-COR Biosciences). For Mup1 degradation assays, full-length Mup1-GFP and free GFP were detected with mouse monoclonal anti-GFP antibody on a single membrane and brightness and contrast adjusted separately due to differences in transfer efficiency.
Ubiquitination assay
The ubiquitination assay was adapted from Li et al. (2015) with some modifications. In brief, cells were grown to early log phase in synthetic medium, and expression of Myc-ubiquitin was induced with 100 μM CuSO 4 followed by 4-6 h of induction. Ubiquitination of Mup1 was induced by adding methionine to a final concentration of 20 μg/ml. After 15 min, 40 OD of cells were harvested, washed with water, and snap frozen in liquid nitrogen. The frozen pellet was resuspended in 450 μl RIPA buffer (50 mM Tris HCl, pH 7.6, 150 mM NaCl, 20 mM NaF, 1 mM EDTA, 0.5 mM ethylene glycol tetraacetic acid) supplemented with 1 mM DTT, 1 mM PMSF, and cOmplete protease inhibitor (Sigma-Aldrich), and 20 mM N-ethylmaleimide. Cell extracts were prepared by bead beating twice for 6 min each at 4°C. Membranes were solubilized by nutating for 30 min at 4°C after addition of 50 μl of 10% NP-40 and 5% deoxycholate in RIPA buffer. The lysates were diluted 1:1 with RIPA buffer, and insoluble material was removed by two rounds of centrifugation at 16,100 × g and 4°C for 12 min. The cleared lysate was incubated with 25 μl of GFP-nanobody resin at 4°C for 4 h. Afterward, the resin was washed three times with 0.1% NP-40 and 0.05% deoxycholate in RIPA buffer, and bound proteins were eluted by addition of equal volumes of 2× urea buffer and 2× sample buffer, followed by incubation at 42°C for 5 min.
GFP and tetramethylrhodamine isothiocyanate for mCherry/RFP). Image acquisition and deconvolution were performed using the provided DeltaVision software (softWoRx 3.5.1: aggressive, 10 iterations; softWoRx 6.5.2: conservative, five iterations; Applied Precision). Images were adjusted for brightness and contrast.
Mup1-GFP sorting was quantified from unprocessed images with an in-house algorithm written in Python 2.7 (Python Software Foundation, Wilmington, DE). Briefly, cells were identified from bright-field images using a Laplacian of Gaussian kernel (Jones et al., 2001) to detect cell edges, and vacuoles were detected from Vph1-mCherry images by Otsu thresholding (van der Walt et al., 2014) . After background correction, GFP signal was measured in the whole cell and in the vacuole. Sorting was calculated as the vacuolar-GFP signal divided by the total cell GFP signal, normalized between 0% sorting (vacuolar/total GFP in cells expressing wild-type Mup1-GFP without methionine) to 100% sorting (vacuolar/total GFP in cells expressing wild-type Mup1-GFP after 90-min treatment with methionine). An average of 50 cells were scored for each field; to compensate for slight variations in the number of cells in different fields, sorting was calculated for each field and averaged across six fields collected from two or more experiments. Additional details and Python code are available upon request.
Generation of GFP nanobody resin
Escherichia coli cells (BL-21) were grown in Terrific Broth at 37°C, and the C-terminally hexahistidine-tagged GFP-nanobody GBP1 (Kirchhofer et al., 2010) was expressed by addition of isopropyl-β-dthiogalactoside to a final concentration of 250 μM and subsequent incubation overnight at 18°C. The cells were pelleted, resuspended in lysis buffer (40 mM Tris HCl, pH 7.5, 5% glycerol, 300 mM NaCl, 10 mM imidazole) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and lysed by sonication. The cell lysate was cleared by centrifugation and bound to TALON Metal Affinity Resin (Takara Bio, Mountain View, CA). After washing, bound protein was eluted with lysis buffer containing 250 mM imidazole and dialyzed into phosphate-buffered saline (PBS). The purified nanobody was coupled to NHS-activated Sepharose 4 FF (GE Healthcare, WilkesBarre, PA) for 4 h at room temperature in PBS according to the manufacturer's instructions.
Total cell extracts for SDS-PAGE
Total cell lysates were prepared by incubating 6-9 OD of cells in 10% trichloroacetic acid (TCA) on ice for 1 h. The cells were washed twice in acetone, bead-beat in 100 μl of 2× urea buffer (50 mM Tris HCl, pH 7.5, 8 M urea, 2% SDS, 1 mM ethylenediaminetetraacetic acid [EDTA]) for 5 min, and incubated at 42°C for 5 min. Bead beating and heating were repeated after addition of 100 μl of 2× sample buffer (150 mM Tris HCl, pH 6.8, 7 M urea, 10% SDS, 24% glycerol, bromophenol blue) supplemented with either 10% 2-mercaptoethanol or 100 mM dithiothreitol (DTT).
